The dissociation between magnetic resonance imaging (MRI) and permanent disability in multiple sclerosis (MS), termed the clinicoradiological paradox, can primarily be attributed to the lack of specificity of conventional, relaxivity-based MRI measurements in detecting axonal damage, the primary pathological correlate of long-term impairment in MS. Diffusion tensor imaging (DTI) has shown promise in specifically detecting axonal damage and demyelination in MS and its animal model, experimental autoimmune encephalomyelitis (EAE). To quantify the specificity of DTI in detecting axonal injury, in vivo DTI maps from the spinal cords of mice with EAE and quantitative histological maps were both registered to a common space. A pixelwise correlation analysis between DTI parameters, histological metrics, and EAE scores revealed a significant correlation between the water diffusion parallel to the white matter fibers, or axial diffusivity, and EAE score. Furthermore, axial diffusivity was the primary correlate of quantitative staining for neurofilaments (SMI31), markers of axonal integrity. Both axial diffusivity and neurofilament staining were decreased throughout the entire white matter, not solely within the demyelinated lesions seen in EAE. In contrast, although anisotropy was significantly correlated with EAE score, it was not correlated with axonal damage. The results demonstrate a strong, quantitative relationship between axial diffusivity and axonal damage and show that anisotropy is not specific for axonal damage after inflammatory demyelination.
Introduction
Magnetic resonance imaging (MRI) is essential in the diagnosis of multiple sclerosis (MS) . Although the etiology of MS is still unknown, the pathological hallmark of MS, demyelinated lesions in the CNS white matter, can be visualized as focal signal intensity changes on T1-or T2-weighted MRI. Unfortunately, the size and number of lesions have had only modest correlations with neurological impairment in MS (Nijeholt et al., 1998; Barkhof, 1999) . A number of pathological features typical of MS, including inflammation, demyelination, edema, and axonal damage, can all cause alterations of tissue relaxation properties (Markovic-Plese and McFarland, 2001 ). This has led to the clinicoradiological paradox in MS and has necessitated the development of a better biomarker of disease activity (Barkhof, 2002) . There is strong evidence that axonal damage, not demyelination, is the major correlate of impairment in MS (Lovas et al., 2000; De Stefano et al., 2001; Petzold et al., 2005) . Thus, a specific and sensitive noninvasive marker of axonal damage in MS would provide a significant advance relating radiological findings with neurological assessments.
Diffusion tensor imaging (DTI) is exceptionally sensitive to white matter pathology in MS and its animal model, experimental autoimmune encephalomyelitis (EAE). The directional diffusivities derived from DTI hold promise as specific markers of axonal damage and demyelination in MS and EAE. Radial diffusivity, the diffusion of water perpendicular to white matter fibers, increases in response to demyelination (Song et al., 2005) and dysmyelination (Song et al., 2002; Nair et al., 2005) . In contrast, a decrease in axial diffusivity, the diffusion of water parallel to white matter fibers, is indicative of axonal damage (Song et al., 2003; Loy et al., 2007) . It has been shown that axial diffusivity is highly correlated with axonal damage in EAE mice (DeBoy et al., 2007; Sun et al., 2007; Budde et al., 2008) and mouse models of other white matter injuries (Sun et al., 2006 (Sun et al., , 2008 Kim et al., 2007; Mac Donald et al., 2007) . However, in a complex disease such as MS, which includes inflammation, demyelination, and axonal damage, it is unclear how accurately the directional diffusivities relate to specific pathologies. A robust, quantitative relationship between DTI parameters and the specific pathological features that they reflect has not been established. To overcome the clinicoradiological paradox in MS, the specificity of DTI in detecting white matter pathology is essential.
In this work, we present a quantitative pixel-by-pixel analysis between DTI parameters and histological markers of axonal damage, demyelination, and inflammation in the spinal cords of EAE mice. Both the DTI parameter maps and histological sections were registered to a common space using a novel registration and quantification technique. The results demonstrate that both DTI and histological markers of axonal damage were highly correlated with one another and that both measurements were highly correlated with hindlimb dysfunction. The results support axial diffusivity as a noninvasive biomarker of axonal damage in EAE and caution the use of anisotropy as the sole indicator of axonal damage.
Materials and Methods
Animals. All animal procedures were approved by the Washington University Animal Studies Committee. Thirty-two female mice underwent active immunization with 50 g of myelin oligodendrocyte glycoprotein peptide ) emulsified in incomplete Freund's adjuvant with 50 g of Mycobacterium tuberculosis for EAE induction. A cohort of eight female mice served as controls (Table 1) . Mice were evaluated daily using a published 0 -5 scoring system: 0, normal; 1, limp tail; 2, hindlimb weakness sufficient to impair righting; 3, one limb paralyzed; 4, two limbs paralyzed; 5, more than two limbs paralyzed or the animal is moribund (Cross et al., 1994) . All mice underwent imaging at Ͼ25 d after immunization ( Fig. 1) .
Magnetic resonance imaging. Mice were anesthetized using 5% isoflurane in oxygen, fitted with a custom nose cone to deliver 1% isoflurane in oxygen for maintenance, and placed in a custom holder designed to isolate spinal cord motion . Core temperature was maintained at 37°C with circulating warm water. A 9 cm inner diameter Helmholtz coil and a 9 ϫ 16 mm saddle surface coil were used as the radio frequency transmitter and receiver, respectively. Both coils used diodebased active decoupling (Mispelter et al., 2006) . The entire preparation was placed in a 4.7 T Oxford Instruments magnet equipped with a 10 cm inner diameter, actively shielded Magnex gradient coil (60 G/cm, 200 s rise time). The magnet, gradient coil, and Techron gradient power supply were interfaced with a Varian UNITY-INOVA console controlled by a Sun Microsystems Blade 1500 workstation. The ilium was identified on coronal scout images and was used as an internal reference to identify the vertebral segments. Six transverse slices were collected covering segments T13-L2 using a Stejskal-Tanner spin-echo diffusion-weighted sequence (Stejskal and Tanner, 1965) , with the following acquisition parameters: repetition time, Ն1500 ms (determined by respiratory rate); echo time, 43 ms; number of excitations, 4; slice thickness, 1.0 mm; field of view, 1 cm 2 ; data matrix, 128 ϫ 128 (zero filled to 256 ϫ 256). Diffusionweighted images were collected using respiratory gating, and diffusion sensitizing gradients were applied in six orientations: (Gx,Gy,Gz) of (1,1,0), (1,0,1), (0,1,1), (Ϫ1,1,0), (0,Ϫ1,1), and (1,0,Ϫ1) with a gradient strength of 11.25 G/cm, duration (␦) of 10 ms, and separation (⌬) of 25 ms, to obtain a b value of 785 s/mm 2 . Acquisition time was ϳ2 h. DTI parameter maps were calculated for ʈ , Ќ , and relative anisotropy (RA) as described previously (Song et al., 2002) .
Histological analysis. Immediately after imaging, mice were perfusion fixed with 0.01 M PBS, followed by 4% paraformaldehyde in PBS. Vertebral columns were excised, fixed overnight, and decalcified for 48 h. Fixed spinal cords were embedded in paraffin and cut on a sliding microtome at a thickness of 3 m. The ilium used as a reference in the MR images was similarly used to ensure the histological sections were obtained from the DTI slice of interest. Sections were deparaffinized and rehydrated, and antigen retrieval was performed with sections in 1 mM EDTA at 95-100°C water bath. Sections were blocked in 2% blocking buffer (Invitrogen) for 1 h at room temperature. Adjacent sections were incubated with either polyclonal anti-myelin basic protein (anti-MBP; 1:1000; Sigma) or monoclonal anti-phosphorylated neurofilament H (SMI31; 1:5000; Sternberger Monoclonals) at 4°C overnight. After rinse, goat anti-mouse or rabbit IgG conjugated with cyanine 3 (1:300; Jackson ImmunoResearch) were applied to visualize immunoreactive materials. After washing, sections were covered in Vectashield Mounting Medium with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Vector Laboratories). Histological sections were prepared from 27 EAE and three control mice (Table 1) . Digital histological images were acquired at 4ϫ magnification on a Nikon 80i fluorescence microscope. Sections stained for the same primary antibody were captured with identical excitation intensity and exposure time settings.
Image registration. Registration of the spinal cord MR images was performed using a manual, two-dimensional registration procedure with two iterations. Maps of radial diffusivity provided the best contrast to differentiate white matter from gray matter and CSF. Therefore, radial diffusivity maps were used to register the datasets. Each slice was independently rotated and translated to center the spinal cord within the image field of view. To generate a template, the radial diffusivity maps were averaged across all mice for each slice position. To account for differences in the size of the spinal cord between animals, radial diffusivity maps were spatially scaled to minimize the difference between each image and the template average. The other DTI parameter maps were subsequently transformed with the derived registration parameters (Fig. 2) .
The registration of histological images to MR images was performed using a modification of the previously described method (Budde et al., 2007) . Sixteen corresponding landmarks were manually placed on the average radial diffusivity map and each of the digital histological images ( Fig. 3 A, B) . Landmarks included the anterior and posterior arteries, prominent white and gray matter interfaces, and points along the perimeter of the cord. A thin-plate spline warp (Bookstein, 1989) deformation grid was computed and superimposed on the histological image in which each of the grid regions represented the size of a single pixel on the MR image. Quantitative histological maps were derived by computing the area fraction of positive staining, an approach commonly used to quantify immunohistochemistry sections (Matos et al., 2006; Kokolakis et al., 2008) . Briefly, each digital histological image was first thresholded with a value derived from the pixel intensities of the surrounding spinal nerves. The spinal nerves are not affected in MOG-induced EAE, and this ensured an objective, internal reference for each section. The thresholds were empirically chosen for each staining type as the value that resulted in a mean area threshold of 50% across all pixels from all animals, which minimized floor and ceiling effects. The threshold for SMI31-stained sections was equal to the mean ϩ 0.25 SD intensity of the spinal nerves, whereas the threshold for MBP and DAPI stains were set as the mean ϩ 4 SD and the mean ϩ 1 SD, respectively. Each pixel in the final, downsampled image represented the area fraction of positive staining within each grid square (Fig. 3E ). All image processing procedures were written in Java and implemented as plugins in NIH ImageJ. A modified version of the UnwarpJ plugin (Sorzano et al., 2005) facilitated the placement of image landmarks. Regions of interest encompassing the entire white matter were manually traced on the average radial diffusivity map and applied to other maps. Statistical analysis. Both a region of interest and a pixel-by-pixel analysis were performed. Spearman's rank correlation coefficients were used to correlate EAE scores with either DTI or histological measures. Correlations between DTI parameters and histological measures used a Pearson's correlation. A multivariate linear regression was used to investigate the effects of confounding variables on the correlation between axial diffusivity and SMI31. In the pixel-bypixel analysis, statistical tests were performed for each pixel, and the resulting p values were corrected for multiple comparisons by controlling for the false discovery rate (Benjamini and Hochberg, 1995) . Statistical maps were thresholded at a corrected p value of 0.05. All statistical procedures were performed using the Statistics Toolbox of Matlab (MathWorks). Registration and quantification of histological sections. Corresponding landmarks were placed on the average RA map (A) and each of the digitized histological images (B; SMI31 shown here). Landmarks were manually placed along the white matter border and along prominent white and gray matter interfaces. A thin-plate spline deformation grid was derived and overlaid on the histological image (C; magnified view) in which each square of the grid corresponds to a single pixel on the MRI image. The histological image was segmented (D) into foreground (red) and background (black) using a threshold value derived from the pixel intensities of the surrounding spinal nerves, which are not affected in MOG-induced EAE. The area fraction of foreground staining for each square of the grid was computed to produce a quantitative histological image (E) that was registered to the MR images.
Results
Thirty-two mice with a range of EAE scores (Table. 1) underwent in vivo DTI in the chronic phase of EAE, 1 month after immunization (Fig. 1) . Eight mice served as controls and underwent DTI at age-matched time points. The average DTI parameter maps from control mice show clear tissue boundaries following manual registration to one another (Fig.  2) . The maps of the coefficient of variation for axial and radial diffusivity (Fig.  2 F, G) reveal no distinct boundaries between white and gray matter, which demonstrated the suitability of the registration procedure for assessing all mice. The registered DTI parameter maps from all mice were grouped according to their EAE score on the day of imaging and averaged (Fig. 4) . A decrease in axial diffusivity in the ventrolateral white matter was related to the severity of EAE. The pixelwise correlation analysis between EAE scores and axial diffusivity revealed a significant negative correlation throughout nearly the entire white matter and the most posterior region of the dorsal white matter (Fig. 5) . The pattern was consistent throughout the four image slices from the lumbar spinal cord. In contrast, radial diffusivity of white matter was increased in mice with EAE compared with control mice, but no consistent pattern was observed relating to EAE score (Fig. 4) . Only a few pixels along the periphery of the white matter were significantly correlated with impairment in EAE (Fig. 5) . RA also decreased with increasing impairment (Figs. 4, 5) .
In addition to registering MR images to one another, histological sections from 30 mice were registered to the DTI space using a novel registration and quantification scheme (Fig. 3) . The area fraction of positive staining was used to quantify the downsampled histological sections. Immunohistochemistry staining for phosphorylated neurofilaments (SMI31) is indicative of intact axons, and a decrease in SMI31 staining was related to the degree of impairment (Fig. 6) . The pattern is much more heterogeneous than that seen with DTI and reflects both intra-animal variation as well as variations inherent in immunohistological preparation. SMI31 staining was significantly correlated with EAE score in a large portion of the ventrolateral white matter (Fig. 7) . MBP staining for the presence of myelin revealed differences between mice with EAE and control mice (Fig. 6) , and MBP staining correlated with clinical score only along the white matter periphery (Fig. 7) . DAPI staining showed an increase in cellular infiltration in mice with severe EAE, particularly along the most dorsal white matter (Fig. 6) . A few sparse pixels correlated with EAE score (Fig. 7) , and these appeared to correspond to regions of MBP decreases. The inflammatory cells were primarily composed of lymphocytes and monocytes/macrophages based on the morphological assessment of corresponding hematoxylin and eosin sections (data not shown).
Pixel-by-pixel correlations between the different histological markers revealed a strong correlation between inflammation, demyelination, and axonal damage in the spinal cord white matter (Fig. 8 A) . Correlations between the DTI parameters and histological measures revealed that axial diffusivity was significantly correlated with only axonal damage (Fig.  8 B) . Importantly, axial diffusivity was not significantly corre- Mean DTI parameter maps grouped by EAE clinical score. The spinal cord white matter of mice with increasing severity of EAE (from top to bottom) shows a decrease in axial diffusivity that scales with the degree of impairment. The decrease was prominent in nearly all of the ventrolateral white matter as well as in the most posterior portion of the dorsal white matter. Radial diffusivity was increased in the ventrolateral white matter in mice with EAE, but there was no consistent pattern associated with the severity of EAE. RA decreased with increasing severity, reflecting its dependence on axial diffusivity. Images are from spinal segment L2. lated with cellular infiltration. Furthermore, RA was not correlated with SMI31 content. The other pairwise combinations of DTI parameters (axial, radial, or RA) with histological measures (SMI31, MBP, or DAPI) had little or no correlation. The multivariate linear regression analysis (Fig. 8C) revealed that the correlation between axial diffusivity and SMI31 was partially maintained when MBP and DAPI were included as covariates in the regression model.
The region of interest analysis revealed significant correlations among most of the measures ( Table 2 ). All of the histological and DTI measures were correlated with EAE score. Inflammation was correlated with both axonal damage and demyelination. As in the pixelwise analysis, SMI31 staining had the highest correlation with axial diffusivity. This correlation maintained its significance when MBP and DAPI were included as regressors in a multivariate analysis. (Table 3 ).
Discussion
The contribution of different pathological features of white matter injury to the DTI changes seen in MS and EAE have not been fully resolved. In this work, the registration of DTI and quantitative histological maps from multiple animals to a common space permitted a pixelwise analysis of the intricate relationship between DTI, pathology, and impairment in EAE. Axial diffusivity was highly correlated with both EAE scores and histological measures of axonal damage. Axonal damage has been shown to be a major correlate of neurological disability in MS (De Stefano et al., 2001 ) and EAE (Wujek et al., 2002; Papadopoulos et al., 2006) , and the specificity of axial diffusivity for axonal damage is a significant advance in better assessing white matter pathology noninvasively. Importantly, the presence of cellular infiltrates, or inflammation, did not significantly correlate with axial diffusivity, as this has been a concern with DTI (Schmierer et al., 2007) . However, the inclusion of MBP and DAPI as covariates in the model decreased the correlation between SMI31 and axial diffusivity. Thus, inflammation could decrease the specificity to axonal damage after inflammatory demyelination. It should be pointed out that the current work was performed in mice with chronic EAE. The intense inflammation occurring during the onset phase of EAE could have a greater influence on the diffusivity measures than in chronic EAE. Previous reports have described a relationship between axial diffusivity and axonal damage after demyelination in the rodent spinal cord using either a region of interest analysis approach (Budde et al., 2008) or the parcellation of white matter tracts using diffusion tractography (DeBoy et al., 2007) . However, EAE has substantial variability in both the degree of impairment that different animals experience and the distribution of lesions within the spinal cord. The present work sought to resolve the connection between disability and lesion location using a pixel-by-pixel analysis. This approach revealed a high degree of correspondence between histological measures and DTI measures of axonal damage. Both histology and DTI demonstrated that axonal damage is widespread in EAE and hindlimb dysfunction does not relate to localized damage to specific tracts within the spinal cord.
DTI-measured axonal damage was evident in a large portion of the EAE spinal cord white matter, not just within the discrete demyelinating lesions that are the hallmark of MS and EAE. In the murine cord, axons responsible for gross motor movements are distributed throughout the ventral and lateral white matter (Loy et al., 2002) , and the extensive correlations with EAE score highlight the correspondence between impairment and axonal damage occurring in white matter tracts known to relate to specific neurological functions. Axonal damage in the normal-appearing Figure 5 . Pixelwise correlations between DTI parameters and EAE scores. Four adjacent slices of lumbar spinal cord segments L1 and L2 are shown. Axial diffusivity and RA were significantly correlated with EAE score in nearly the entire ventrolateral white matter and the most dorsal portion of the dorsal white matter. Radial diffusivity was significantly correlated with EAE score in only a few regions along the periphery of the ventrolateral white matter. Correlation (Spearman's r) maps were thresholded at p Ͻ 0.05 and corrected for multiple comparisons, and significant voxels were overlaid on the average DTI parameter maps from all mice. white matter (NAWM) in MS can be a significant pathological feature (Lovas et al., 2000) , and many MRI abnormalities have been seen in the NAWM that appear to better relate to impairment (Charil et al., 2003; Miller et al., 2003) . Significant axonal damage is seen in the spinal cords in MS (Bjartmar et al., 2000; Sathornsumetee et al., 2000) , and damage to the spinal cord white matter is likely to lead to detectable motor deficits.
The relationship between demyelination and radial diffusivity is somewhat more complicated for a variety of reasons. For instance, it has not been well defined whether radial diffusivity is specific to demyelination in the presence of significant axonal damage (Sun et al., 2006) or inflammation. Although the connection between radial diffusivity and demyelination has been shown in several demyelinating and dysmyelination models, radial diffusivity may not be as specific in the presence of other pathological changes. In addition, MBP is present within both intact myelin and myelin debris, and staining for MBP does not clearly delineate intact from injured myelin. Whereas axons span the entire long lengths of the cord, demyelination is a focal, with lesions appearing as discrete regions within white matter. The thickness of a DTI slice may lead to partial volume effects that reduce the sensitivity of DTI to demyelination. Furthermore, the selection of the diffusion weighting in the present work may be less sensitive to myelin injury than to axonal injury. Increasing diffusion times or diffusion weighting may increase the sensitivity to demyelination (Biton et al., 2005; Nair et al., 2005) .
Anisotropy, a summary parameter derived from DTI, was also highly correlated with EAE score. More importantly, it was not significantly correlated with histological markers of axonal damage or demyelination. Anisotropy is often used as a marker of white matter injury in MS and other white matter diseases and injuries. However, the interpretation of a decrease in anisotropy is not straightforward. Because anisotropy is derived from the directional diffusivities (eigenvalues) of the diffusion tensor, anisotropy will decrease after either a decrease in axial diffusivity or an increase in radial diffusivity. Thus, anisotropy will decrease after axonal damage, demyelination, or both. As shown here, anisotropy is not specific for axonal damage alone. Therefore, caution should be used when interpreting a de- Figure 6 . Mean quantitative histological maps grouped by EAE score. SMI31 staining (left) reveals a loss of intact axons that scales with the severity of EAE (from top to bottom). MBP staining for intact myelin is decreased in the EAE spinal cord white matter, but no consistent relationship with EAE score is evident. DAPI staining is indicative of cellularity and is particularly increased in certain regions in mice with clinical scores of 4 (bottom).
Figure 7.
Pixelwise correlations between quantitative histological measures and EAE score. SMI31 staining was significantly correlated with EAE score in the majority of the spinal cord white matter. MBP staining was significantly correlated with EAE score along the white matter periphery. DAPI staining demonstrated only few pixels reaching significance. Correlation (Spearman's r) maps were thresholded at p Ͻ 0.05, corrected for multiple comparisons, and overlaid on the mean registered histological maps from all mice. crease in anisotropy. Additionally, in regions of low anisotropy such as the gray matter, which can also contain lesions in MS (Vrenken et al., 2006) , the directional diffusivities may not be adequately resolved. Importantly, the directional diffusivities were proposed specifically for interpreting white matter injury, and mean diffusivity is more appropriate in gray matter.
It is important to note that the specificity of DTI shown here was performed in the spinal cord, in which the white matter fibers have a uniform orientation. Although the human brain has regions of white matter that are highly ordered, such as the corpus callosum, the effect of multiple directions of fibers within a single DTI voxel could complicate the interpretation of diffusivity changes. Furthermore, the timing of the injury could be quite important in relating DTI changes with pathology. Specifically, axial diffusivity was found to decrease acutely after optic neuritis (Naismith et al., 2008) . However, it had increased to well above control levels 1 year later. Longterm studies in animals may be needed to fully appreciate the time-dependant changes in histopathology that exist in the human situation. Nonetheless, changes in the directional diffusivities have been reported in many white matter disorders and have even been shown to relate to cognitive abilities (Dougherty et al., 2007; Qiu et al., 2008) . Thus, it is believed that the specificity of axonal damage shown here may help resolve the interpretation of DTI changes in the human brain and spinal cord.
Although registering the spinal cord using manual procedures is time consuming (Kornelsen and Stroman, 2004) , intensity-and surface-based approaches have not been optimized for application to the spinal cord despite their prominent use for the brain. As MRI of the spinal cord becomes more prevalent and resolution is improved (Hesseltine et al., 2006; Jeong et al., 2006; Kharbanda et al., 2006) , registration methods will be needed and will presumably become more common. Other methods have been shown to register histological sections and MR images (Jacobs et al., 1999; Meyer et al., 2006) . However, it is essential to use unbiased registration approaches when validating the connection between two modalities. With this goal in mind, landmark-and surfacebased approaches are more appropriate compared with intensity-based registration approaches. The current work presents a novel method to register and quantify histological sections that permits a direct, pixelwise comparison between histology and MR images. We believe comparisons of this nature are essential to establish a direct relationship between imaging modalities and the gold standard histological markers of pathology.
Conclusions
A decrease in axial diffusivity derived from DTI has been shown to be a specific marker of axonal damage in the spinal cord white matter of mice with EAE. DTI-detected axonal damage occurred in nearly all of the ventrolateral white matter and was not confined to the discrete demyelinating lesions. Thus, detection of axonal damage using DTI in both lesions and NAWM provides Figure 8 . Pixelwise correlations between histological and DTI measures. SMI31, MBP, and DAPI were highly correlated with one another (A), reflecting the intimate relationship between inflammation, demyelination, and axonal damage in EAE. Despite the interrelation, only axial diffusivity was highly correlated with SMI31 staining (B). To address the potential confounds affecting the correlation between axial diffusivity and SMI31, MBP and DAPI were included as covariates in the regression model (C). Axial diffusivity was still significantly correlated with axonal damage, although less so. In all panels, significant pixels were thresholded at p Ͻ 0.05 (corrected for multiple comparisons) and are shown in color overlaid on the correlation (Pearson's r) maps, except for C, which is overlaid on the average SMI31 map. The figure legend applies to all panels.
the necessary sensitivity and specificity of a noninvasive biomarker that may ultimately prove useful in overcoming the clinicoradiological paradox in MS.
